Introduction
The Malmquist productivity index is considered the most appropriate tool for measuring changes in efficiency and productivity of firms. Johnes (2008) , Worthington, and Lee (2008) , Agasisti and Johnes (2009), and Bradley et al. (2010) are among the most recent studies to have applied this useful tool. Despite its evident popularity, however, there has also been extensive discussion of the arguments for and against using constant returns to scale (CRS) to estimate Malmquist indices. Grifell-Tatje and Lovell (1995) and O'Donnell (2012a) argue that with non-constant returns to scale, the Malmquist index is not able to measure productivity change precisely. This bias is systemic, and depends on the magnitude of scale economies . Ray and Desli (1997) and Wheelock and Wilson (1999) argue that when a firm's location (from one period to another) remains unchanged, and the changes in scale efficiency are only related to a shift in the variable returns to scale (VRS) estimate of technology, there will be no resulting technical change under CRS. Hence, the resulting CRS estimate of technology may be statistically inconsistent. Consequently, Wheelock and Wilson (1999) state that the popular decomposition of the Malmquist index conducted by Färe et al. (1994) is also problematic.
In order to avoid the above problem, O'Donnell (2012a) proposes a new approach to decompose the "multiplicatively complete" TFP indices (those that can be presented in terms of aggregate inputs and aggregate outputs) into technical change and different measures of efficiency change. O'Donnell does this without making any assumptions about the optimizing behaviour of firms, their market structure, or returns to scale for a multiple-input, multipleoutput case. O'Donnell (2012a) also proves that the group of complete TFP indices include the Fisher, Konus, Törnqvist, and Hicks-Moorsteen indices, but not the Malmquist index.
In the context of the higher education system, because universities are not operating at optimal scale and they face imperfect competition, the new decomposition of the HicksMoorsteen TFP index can be utilized, allowing us to analyze changes in the productivity of firms under the VRS assumption. Although extensive research has been carried out on the productivity of higher education institutions, no single study has investigated TFP of universities under the VRS assumption. Another advantage of the use of the Hicks-Moorsteen TFP index is that it reduces the possibility of producing infeasible results (Epure et al. 2011 of our knowledge, this study is the first employing this index in the area of higher education.
The Malaysian public higher education sector is used as a case study mainly because in the last decade the Malaysian government has emphasized productivity improvement in the public higher education sector, in recognition of its role as an engine for promoting the development of quality human capital. Overall, Malaysia is keen to be recognized as a major hub for higher education in the region and has launched policies for supporting the internationalization and improving the teaching and learning quality, together with enhancements of research and competition in the sector. This sector, therefore, has undergone some fundamental changes, which have led to its rapid expansion over the last decade. In particular, the implementation of the NHESP (National Higher Education Strategic Plan, "the plan") in 2007 was the most important policy change in this area. Kaur and Sirat (2010) argue that this plan is Malaysia's key policy initiative in revolutionizing and transforming higher education. As part of this plan, the government raised the share of research and development in gross domestic product (GDP) from 1.5% to 4.9%, with public universities being the recipients of these national research and development funds (Malaysian Ministry of Higher Education 2007) . Despite the large allocation of funds into the sector, however, there has been no empirical study of the effect of the plan on the performance of public universities.
This study, therefore, uses the Hicks-Moorsteen TFP index under VRS and a four-year panel dataset (2006 to 2009) to evaluate productivity changes of Malaysian public universities.
The remainder of this paper is structured as follows. Section 2 presents a brief literature review of the related studies on the efficiency and productivity changes in the area of higher education. Section 3 discusses the Hicks-Moorsteen TFP index and its decompositions.
Section 4 describes the data employed and the input and output classifications. Section 5 presents our empirical results, followed by some concluding remarks in Section 6.
Literature review
There has been a rapid expansion during the last few decades in the use of nonparametric approaches in measuring the efficiency and productivity changes of higher education institutions. A large number of these studies have been undertaken in developed countries Their results show that the sector's productivity growth stems from both technical efficiency and technological changes.
Despite the growing literature associated with the application of the conventional Malmquist index, little is documented about the application of the Hicks-Moorsteen index.
Some of the main applications of this index are O'Donnell (2010a; 2012a; 2012b) in the context of the agricultural sector, Simões and Marques (2012) in the waste sector and Epure et al. (2011), and Arjomandi (2012; 2014) in the banking sector.
Hicks-Moorsteen TFP index and its components
Considering a firm with multiple inputs and outputs, according to Jorgenson and Griliches (1967) and Good et al. (1997) Malmquist output and input quantity indices, which is based on the works of Hicks (1961) and Moorsteen (1961) : , where T P is the period T production possibilities set. 2 These distance functions can be calculated using Data Envelopment Analysis (DEA) models developed by O'Donnell (2012a). DEA does not necessitate any restrictive assumptions regarding the functional form and efficiency distribution. It must be noted, however, that DEA has its own limitations as it makes no allowance for statistical noise, and hence one should be cautious in the interpretation of the results. Because of this statistical shortcoming, any possible measurement errors in the data could make the estimated efficiency and TFP components to some extent biased. One way to quantify the magnitude of the possible errors is to estimate the technology using an econometric methodology, such as stochastic frontier analysis, which allows for statistical errors. However, the use of such an approach is not possible in this paper as there are only 17 observations per year, one for each university. Notwithstanding these possible shortcomings, we perceive that the potential risks associated with using a DEA-based Hicks-Moorsteen TFP index are outweighed by the potential benefits and valuable insights that this advanced technique can provide us.
The output-oriented decomposition of a multiplicatively complete TFP index for firm n in period t can be rewritten as:
Where * t TFP is the maximum TFP possible using any technically feasible inputs and outputs; nt OTE (output-oriented technical efficiency) measures the difference between observed TFP and the maximum TFP that is possible while holding the input-output mix and input level fixed; nt OME (output-oriented mix efficiency) measures the change in productivity when restrictions on the input and output mix of the firm are relaxed; and nt OSE (output-oriented scale efficiency) measures the difference between TFP at a technically and mix efficient point and TFP at the point of optimum productivity.
The interpretation of efficiency measures is straightforward. A technical efficiency estimate of unity indicates that the firm lies on the boundary of the production set, and as such, the corresponding firm is said to be relatively efficient. On the other hand, an estimated value below unity shows that the firm is positioned under the frontier and is relatively inefficient. A firm with technical efficiency equal to unity, but with scale and mix efficiencies less than unity, is still on the frontier, but at a relatively unproductive point.
A similar equation to Equation 2 can be formulated for any other firm like m in period s.
Accordingly, the index number that compares the TFP of firm n in period t with the TFP of firm m in period s can be written as: 
The data
This study utilizes a four-year panel dataset (2006) (2007) (2008) (2009) for analysing the performance of 17
Malaysian public universities in the years before and after the implementation of the NHESP.
The sector consists of 20 public universities, which are categorized into three different subgroups: research universities, comprehensive universities, and focused universities. 
2001; Emrouznejad and Thanassoulis 2005).
The important issue in the use of the DEA approach relates to the correct selection of inputs and outputs. However, there is no consensus in the literature as to how to specify the inputs and outputs (Avkiran 2001) . According to Lindsay (1982, p. 176) , some characteristics of the higher education institutions such as "lack of profit motivation, goal diversity and uncertainty, diffuse decision making and poorly understood production technology" differentiate this sector from other industries and complicate the specification of the variables. Carrington et al. (2005) also state that it is difficult to accurately define the university inputs and outputs, because they are diverse and multifaceted.
The choice of inputs and outputs in this study is based on the production approach studies by Athanassapoulos and Shale (1997) and Glass et al. (2006) , and Worthington and Lee (2008) . These studies assume that universities combine labour and non-labour factors of production to produce outputs in the form of teaching, research and other educational services.
The four inputs included in our analysis, which are fully described in Table 1 Three observations are noteworthy at this point. First, student inputs are assumed to be homogeneous, because there was no easy way to capture quality. This is consistent with DEA models of previous studies (e.g., Athanassapoulos and Shale 1997; Johnes 2008; Worthington and Lee 2008) . Second, some studies have taken into account the quality of undergraduate output by using the number of graduates receiving a first class degree (see Flegg et al. 2004 ).
However, our study has not adopted this approach because of data inaccuracy. Third, we mainly focus on teaching and research as the most important activities of universities. In other words, we have not incorporated a third type of output, community services, because there is no accepted or easy way to evaluate community and consultation services across universities (see Ahn, et al. 1989; Carrington et al. 2005; Johnes 2008; Worthington and Lee 2008) .
[ Tables 1 and 2 
about here]
There are many ways of measuring university research outputs (e.g., Carrington et al. 2005; Glass et al. 2006 ). Abbott and Doucouliagos (2003) argue that one should consider both quantity and quality of research outputs. As a proxy for research output, several studies The bibliometric approach possesses a considerable advantage over other alternatives such as the peer-review approach. 7 For instance, it costs less, is non-invasive, easy to implement and ensures rapid updates. Application of the bibliometric approach is usually based on data extracted from the Thomson Reuters Web of Science (WoS), a practice common to previous studies (see . However, the Scopus database is likely a better choice because it covers more refereed journals and conference proceedings than WoS (Meho and Rogers 2008) , and also provides the best coverage in social-science literature (Norris and Openheim 2007) . It is noteworthy that the WoS database mainly covers the North American, Western European and English-language outlets (Meho and Yang 2007) . Thus, in the case of the Malaysian higher education institutions, we consider the Scopus database the most appropriate source.
In the process of counting the number of refereed articles by each university, we took care to ensure the accuracy of the data. For example, issues of affiliation were treated cautiously when some authors used their faculty as their affiliation rather than their university.
Additionally, where co-authors were from the same institution, we gave due consideration to the issue of double counting. To overcome this problem, we gave weights to each university based on the total number of authors. For instance, for an article with three authors (two from university A and one from university B), university A was weighted 2/3 and university B was weighted 1/3. If we had have given equal weights to all three universities, the results would have been overestimated. Table 3 presents the estimated means of output-oriented technical efficiency (OTE), outputoriented scale efficiency (OSE), and output-oriented mix efficiency (OME) in four different groups of the universities (i.e., research universities, comprehensive universities, focused universities, and the sector as a whole) for the period 2006-2009. Columns 3 to 5 of Table 3 list the means of OTE, OSE and OME for each year, respectively. This table reveals that the Although the mean values for OTE and OME fell in 2009, the value of these measurements were still higher than those observed prior to 2008, suggesting an overall improvement in the sector after the implementation of policy reforms embedded in the 2007 NHESP. We may argue that the positive changes occurring after 2007 were mainly related to the implementation of the NHESP, which helped the public universities to enhance their staff and resource usage efficiency.
Empirical results
[ Table 3 . This may be due to the fact that most of these universities had been upgraded from colleges to universities, and were not operating on an optimal scale.
However, public universities do not necessarily need to be scale efficient. For example, one possible reason could be that these universities have to follow government prescribed policies, such as opening additional branches in rural areas, as well as encouraging employment of additional staff in such areas. changes in pure technical efficiency (∆OTE), residual scale efficiency (∆ROSE), and mix efficiency (∆OME). The interpretation of the results is straightforward. An estimated value greater (less) than unity indicates an improvement (worsening) in the corresponding measure.
[ Table 4 about here]
A cursory look at Table 4 shows that mix efficiency change (ΔOME) is the major component of the changes in efficiency (ΔEff) in all periods. For instance, in 2006-2007, the sector experienced a significant deterioration in ΔEff by ˗56.83% (ΔEff = 0.4317), which was attributable to the 59.4% negative change of ΔOME (ΔOME = 0.406). However, the sector's (ΔOME = 2.9695) and 0.5323% (ΔOME = 1.5323), respectively. This reflects an overall improvement in the way the universities' resources were allocated in the post-NHESP era. Table 4 shows that ΔOME is also the most important component of the TFP changes in 2007-2008 and 2008-2009 . As a result of large mix efficiency changes in these periods, the sector experienced TFP growth of 28. 3% and 62.15% in 2007-2008 and 2008-2009, respectively.
ΔTech (technical changes) was found to be the second most important component of TFP changes. Table 4 reveals that ΔTech appears to be the same for each university in all periods, suggesting that all institutions have the same access to the same production possibility set.
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As a result, any shifts in the production possibility set resulting from changes in external factors and/or government intervention can affect all universities equally, either in terms of improvement or worsening of the production frontier. Table 4 shows that the sector Malaysian universities in this period. As highlighted by Johnes (2008) , an increased use of technology and e-learning activities can facilitate the accessibility of information for students, and diversify teaching methods and boost administrative efficiency. In addition, Johnes (2008) states that the technological improvements can also strengthen the universities' research capability to undertake further collaborative research.
A general comparison of TFP changes of different subgroups in Table 4 reveals that research and comprehensive universities that were experiencing productivity regress before 2007 show considerable productivity growth after the implementation of the NHESP. Table 4 also reveals that the focused universities recorded better performance than the other two subgroups in all of the periods. In sum, our results provide convincing evidence that the sector as a whole enjoyed significant productivity progress during the sample period (2006) (2007) (2008) (2009) , particularly over the post-NHESP era (2008) (2009) ).
Conclusions
This paper uniquely uses an alternative approach to decompose the Hicks-Moorsteen TFP index to examine efficiency and productivity changes in a higher education context. We investigate the efficiency and productivity changes in three groups of the Malaysian public the NHESP. This plan was aimed at strengthening the principles of good governance in the university delivery system, improving accessibility and equity of resources in the public higher education sector, enhancing the universities' innovation capabilities and the quality of teaching and learning. Thus, we may state that the NHESP has positively affected the efficiency and productivity of various groups of Malaysian universities. As to the slight deterioration of technical efficiency and mix efficiency in 2009, the plan is still progressing, and public universities have not completely adapted the proposed structure and support mechanisms. Therefore, some of the positive outcomes of the plan cannot be measured until more data become available in the foreseeable future.
We found the observed TFP improvements were mainly attributable to mix efficiency and technological changes. We consider that such achievements are a result of advancements in information, communication, and technology, as well as the increased use of e-learning facilities in the public higher education sector. This result aligns with previous international higher education productivity studies, which found that technological changes were a significant factor in university productivity growth (see Flegg et al. 2004; Johnes 2008; Worthington and Lee 2008) .
We also found that the two groups of universities experiencing productivity regresses 
